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This article examines the population dynamics and life-history attributes of a single P angofensis population in the 
Northern Province, South Africa. An introduction to the use of matrix models in population biology is presented. A 
frequency distribution of diameters reveals a bimodal distribution of stems. Yearly diameter growth increases with age. 
It is, therefore, concluded that this bimodal size distribution is indicative of discrete recruitment events of permanent 
stems and not of an unstable population. Established trees and seedlings (suffrutices) can persist in the landscape by 
means of coppicing. A matrix model, combined with an elasticity analysis of the derived transition matrix is used to 
isolate key life-h istory stages. Ure-history stages lying along the diagonal of the matrix have the highest elasticity 
values, emphasizing the importance of stem survivorship, as opposed to growth or fecundity, in the survival of this tree. 
Long-term survival greater than the life-span of a stem depends on seedling recruitment events. The model is also 
used to predict the outcome of two harvesting strategies on the future of the population. Some suggestions for 
management and priorities for future research are presented. 
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Introduction 
Plerocarplls angoiellsis DC. is a common tree of savanna wood-
lands throughout southern Africa in areas where annual rainfall 
exceeds 500 mm. In South Africa, Pterocarplls angofensis is 
used extensively as a medicinal plant (Coates-Palgrave 1984) as 
well as being sought after [or ils limber (Venneulen 1990). The 
value of P. ango{ensis saw timber produced annually in Mpuma-
langa and Northern Province in South Africa is estimated at R 1.5 
million. Once the timber is converted into furniture and curios, 
its lolal value probably exceeds R5 million (van Daalen 1991). 
Pr~vious investigations into the population structure and 
dynamics of P. angolensis in South Africa have yielded little in 
terms of quantifying the structure of populations or understand· 
ing the dynamics of this species (Vermeulen 1990; van Daalen & 
von Maltitz 1991). Quantitative data on the dynamics of this val-
uable resource ar~ lacking. In South Africa, investigations into 
the sustainability of this resource are being conducted (von 
Maltitz pers. commun.). It is against this background that this 
present study has been conducted. 
The objectives of this article arc, firstly, to introduce South 
African biologists to the usc of matrix models in population biol-
ogy. To this end we have included a section on matrix models. 
Secondly, we use a matrix model to provide some insights into 
the dynamics of a P. angolensis population in Northern Province, 
isolate key areas for future research, and generille possible 
scenarios of the future of the population. 
An introduction to matrix models 
The general form of the population projection matrix as demon-
strated by Lefkovitch (1965) is: 
AIl(t) = n(t + 1) (I) 
Where nU) is the population vector in the form of a matrix con-
sisting of a single column of numbers, whose elements are nj(t), 
which describe the size-class distribution of the population at 
present time t. A is a square matrix of dimensions i rows and j 
columns and is termed the population projection or transition 
matrix. This matrix contains transition probabilities that describe 
the number of offspring born to each stage that survive time 
period I, as well as the proportion of individuals in each stage 
that survive and remain in that stage, and those that survive and 
enter another stage. By multiplying the present size-class distri-
bution by a matrix of transition probabilities, one can obtain the 
expected population size-class distribution after one time period 
has elapsed, n(t + I). 
The transition matrix contains values for the stage-specific 
fecundity (F) on the first row of the matrix; values for the proba-
bility of surviving and remaining in the same stage per time 
period (R) on the diagonal; and Ihe probabilily of surviving and 
growing into the next stage class or any other stage class per time 
period (G) on the sub-diagonal or any other cell in the matrix not 
occupied by F and R values. These transitions are represented 
graphically in a life-history graph for the savanna tree, Pterocar-
pus angolellsis, whose life-history has been divided into four 
stages or state variables (Figure 1). Therefore the elements of 
matrix A characterize the nature of a population by incorporating 
elements of fecundity, mortality and growth rates far each stage 
in a population's life-history. 
The fonnat of the Leslie matrix specifies that the life-history 
of the population is divided into equal age classes (Caswell 
1989). In the Lefkavitch matrix, however, there is no necessary 
relation between life-history stages or states of the model and age 
(Enright & Watson 1991). The [undamenlal assumplion is Ihat all 
individuals in the same given stage are subject to the same mor-
tality, fecundity and growth schedules. as specified in the transi-
tion matrix . 
The state variables for any population cannot be chosen arbi-
trarily. They must fulfil some very distinct requirements (Werner 
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Figure 1 A lire~stage graph for P. angolellsis. where the arrows 
represent all possible life·history transitions. F represent fecundity, R 
the probability of remaining in the same size class and G the proba-
bility of progressing to the next size class within the specified lime 
period of the model (1 year or one complete growth season). 
& Caswell 1977). Their role is to encapsulate the relevant life-
history of the organism so that the current environmental stimuli, 
together with the current state uniquely determine the response 
of the organism. In other words, they need to be biologically rel-
evant to the organism concerned and not arbitrary classes. For 
plants, replacing age with meaningful life-history stages has 
obvious advantages. 
The simplest state variable for population dynamic models is 
the number of individuals. For large plant populations this is 
impractical. Age is an inadequate descriptor of population 
dynamics since populations of the same age can respond very 
differently to the same stimulus. In addition, for long-lived per-
ennials, age and size are not necessarily strongly correlated 
(Knowles & Gran11983) and birth and death may depend upon 
lhe size rather than the age of the individual (Harper 1977). 
Growth plasticity makes even the complete age distribution an 
inadequate state variable for higher plants. Individuals of the 
same age may respond differently to the same stimulus due to 
differences in size or some other character. Morphological stages 
based on size may encapsulate the history of the plant more accu-
rately than chronological age classification and may therefore 
provide better predictions of a plant's fate (Werner & Caswell 
1977; Werner 1975). 
A population can be projected for any number of time periods, 
k, into the future: 
n(r + k) = A'II(I) (2) 
In a constant environment, as the value of k increases, the pre-
dicted size distribution of the population approaches stability, 
such that, eventually, the proportion of individuals in each size 
class becomes constant. This is known as the stable-stage distri-
bution (SSO) and can be calculated algebraically as the dominant 
right-hand eigenvector (w) of the transition matrix corresponding 
to f.. defined by (Crouse er af. 1987): 
AW=AW (3) 
where A is the dominant eigenvalue of the matrix. 
The SSD describes the popUlation structure as it would 
develop if the transition probabilities were constant through time. 
Comparisons of the SSD with observed initial size-class distribu-
tion (ISO), described by net = 0), will show whether the popula-
tion is in balance, with measured rates of growth, survival and 
fecundity. Differences between the two distributions may indi-
cate past variations in. for example, recruitment or growth or 
mortality. Discrepancies between observed and predicted size~ 
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class distributions are most likely to arise from estimation errors 
where rates for growth, survival and fecundity are measured owr 
short periods or are poorly known . 
Once the population-stage distribution has stabilized, the rate 
of population change from one time period to the next must also 
be stable, for both the individual size classes and the population 
as a whole. This rate can be described as: 
)" = n(k)ln(k - I) (4 ) 
where A is the finite rate of natural increase, and n(k) denotes the 
projected distribution vector k time periods into the future such 
that a stable stage distribution has been reached. The value of k 
required to reach this may vary markedly and de.pends very much 
on how close the ISD is to the SSO. Solved for algebraicly, )" is 
the dominant eigenvalue (nor vector as for SSD) of the transition 
matrix. 
The finite rate of increase. A, has a value of 1.0 when the total 
population remains constant through time; is > 1.0 when the pop-
ulation is increasing; and is < 1.0 when the population is declin-
ing. It is related to the intrinsic rate of natural increase, r, such 
that: 
r= InA (5) 
where In is the natu ral logarithm. 
Estimates of A and SSD provide insights into the current status 
of species populations under a given set of environmental condi-
tions (Hartshorn 1975). These popUlation parameters can be used 
to compare separate sample populations for which transition 
matrices have been derived. for example, along an environmental 
gradient. 
It must be remembered that the SSD is the dominant right-
hand eigenvector and A the dominant eigenvalue of the transition 
matrix. They are, therefore, entirely independent of the ISO. For 
any starting population vector, the values of SSD and A. will 
always be the same. provided the transition matrix is unchanged. 
There are a number of different methods whereby one can cal-
culate these two population parameters. The obvious method 
would be to use a computer~based mathematical package capable 
of working with matrices and performing eigen-analyses. 
Another approach would be to use a computer program specifi-
cally developed for ecologists to deal with matrix population 
models. A simple matrix/elasticity analysis program is available 
from the authors. For the average mathematically near-illiterate 
biologist, such as ourselves, the simplest approach would be to 
use a spreadsheet. This approach does involve some knowledge 
of matrix multiplication, such that one can enter as formulae in a 
row of the spreadsheet the actual matrix multiplication implied 
by equation 1. These values can be copied down the spreadsheet 
for however many time periods one wants to iterate the model. 
Naturally, care must be taken when entering and copying the for-
mulae that the nj(t) value referred to is in the previous row 
[namely, nj(t - I)] and the transition matrix value is locked, thus 
referring to the same transition probability for each time period 
or iteration. Therefore, each row would contain a successive pop-
ulation vector n(t = O. 1. 2, 3 •... x), where x represents the maxi-
mum number of time periods. 
For example, a spreadsheet for a 4 x 4 transition matrix would 
probably have the following format; in column A would be val-
ues from 0 to x to keep track of time (t); columns B to E would 
contain the values for n\(t). n2(t), 1l3(t) and nit), respectively; row 
I would contain the observed numbers in each stage class (ISD); 
row 2 would contain the first matrix multiplication formulae; and 
the transition matrix could be anywhere else in the spreadsheet. 
Equation 4, the finite rate of increase, can be entered in column F 
where n in the fonnula represents the sum of columns B to E. 
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Following the va lue of A th rough time, onl! wi ll nOLice that it wi ll 
eventually stabilize. This is lime k. At this point, the value for A 
is similar to that which would be derived if one was performing a 
formal eigen-analysis and can therefore be referred to as the 
dominant eigenvalue of the transition matrix. Similarly. we have 
reached the SSD. which can be calculated by converting the pop-
ulation veclor at t = k to a vector of proportions summing to 1. 
A note of caution here. Be very careful of decimal places. A is 
sensit iw to seemingly insignificant decimal places in the values 
of the transition matrix. I have found that working to an accuracy 
of fOllr places will suffice. One will also notice that with the 
sprL':lushcct method, A never really stabilizes. As t increases. A is 
constantly changing but at a decimal accuracy beyond that 
required for a simple population model. 
Another useful population parameter that can be calculated for 
a transition matrix is the reproductive vector. This is tht: relalive 
conlribulion of a given stage class to future population growth 
(Enright & Watson 199 I). As with SSD, the reproductive vector 
is only valid once the stable distribution has been reached 
because only then is the structure of the popUlation constant in 
time. It is calculated algebraically as the dominant left-hand 
e igenvector (v) of the transi tion matri x dt:fined by (Crouse el al. 
1987): 
v'A = I.\,' (5) 
In our spreadsheet model, as stated in equation 5, it is ca lculated 
simply by transposing the transition matrix. At time k. instead of 
being kft with a vector representing the SSD, one now has the 
reproductive vecto r. The time to stability (k) will not have 
changed nor will the value of A. 
The one major downfall of matrix population models is that 
the prediction of future population size is generally of little rele-
vance. If this is your goal start searching for a different model-
ling approach now! In most matrices, mean rates for fecundity, 
survival and growth are used. More importantly, deterministic 
and/or stochastic functions or factors arc not implicit in the tran-
sition matrix and there are also no population-regulation mecha-
nisms or feedback loops. Generally. one tends to finds that when 
the model is iterated. if A. is > 1.0, the population grows exponen-
tially, or, if "A is < 1.0. the popUlation declines exponentially. 
One use of mmrix models lies in being able to examine the 
behaviour of the transition matrix and population vector elements 
over time (Enright & Watson 1991). The added advantage of this 
appro~lch is that it quantitatively predicts the behaviour of an 
ideal population, and provides a means to determine actual direc-
tion of change in a particular population at a particular time, and 
how this change might respond to changes in fecundity, growth 
or mortality (Caswell 1982). These types of quantitative analyses 
are only possible when one is confident that the derived transi -
tion matrix for a sample population is an accurate reflection of 
reality. Such transition matrices require detailed long-term popu-
lation life-history data, a luxury for most organisms studied. 
Art: matrix models of any use if we cannot predict future pop-
ulation sizes or states? The answer is most definitely yes. Gener-
ally, we are inte rested in short-term responses of organisms to 
some form of perturbation, whether human or otherwise. We are 
interested in the 'what if .. .' type questions. What if there is no 
recruitment next year? What if poaching eliminates 50% of the 
individuals in a certain size class? This is where matrix models 
corne into their own by providing a simple easily manipulated 
approach to prizing open the life-history of the organism con-
cerned. 
The intuitive approach would be to perform a sensitivity anal -
ysis on the population matrix, to test how sensitive the popula-
tion growth is to variations in fecundity, growth and survival. by 
simulating changes in these parameters and then calculating A of 
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the new matrix. By simulating the same proportional change for 
each stage successively. one can compare the relative effect on 
the different life-history stages (Crouse et 0/. 1987). 
One disadvantage of simulation experiments of this sort is that 
the resu lts are dependent o n the chosen perturbation of the origi-
nal matrix. Secondly. for large matrices, the process is vt:ry tedi -
ous. Analytical methods avoid these difficulties by calculating 
the sensitivity of A. to changes in life-cycle parameters. Here we 
are interested in the proportional sensitivity or elasticity of A; 
that is, the proportional change in A. caused by proportional 
change in one of the life-cycle parameters. These oroportional 
sensitivities can be calculated, given the SSD (w) and the repro-
ductive vector (v). The proportional sensitivity (or elasticity) of A 
to a change in each matrix element aij is given by: 
(6) 
where < > denotes the scalar product and v is a row vector withj 
columns, and w a column vector with i rows (Crouse el al. 1987). 
Elasticity analysis provides an index of the relative contribu-
tion of each transition matrix element to the value of A (Enright 
& Watson 1991). The elasticities of A with respect to fecundity, 
growth and survival sum to 1.0. Therefore, the relative contribu-
tion of the matrix elements can be compared both between ele-
ments of the same matrix or other matrices representing different 
sample populations or organisms. The larger the value of eiJ for 
an element of the transition matrix, the greater that element's 
influence on the value of A.. Thus, one can isolate those matrix 
elements most sensitive to change. When analysing a population 
matrix, the best approach would be, firstly, to do an elasticity 
analysis to isolate those matrix elements or life-history processes 
most sensitive to change, followed by traditional sensitivity anal-
ysis or scenario testing (,what if .. .' questions) centred around 
these elements. 
Study area 
We studied a P. ango/ensis population situated approximately 
2 km north-east of Bushbuckridge in Northern Province 
(24°50'S, 3 1°7.9'E). The area surveyed, measuring 335 ha, is 
bounded to the north and south by parallel granite ridges. To the 
west. the site is bounded by Mpumalanga Province and to the 
east by the village of Xanthia. P. allgolellsis is harvested exclu-
sively for furniture and curio manufacturing in this area, both 
legally (i.e. with the required permit from the relevant nature 
conservation body) and illegally. 
The area falls into Acocks' (1975) Lowveld Sourbushveld 
vegetation type. Dominant species include P. angolensis, Faurea 
saligna, Terminalia sericea. Sc/erocarya birrea, and Combretum 
species. Mean annual rainfall is 1 200 mm, restricted largely to 
the summer months (October - May). 
Methods 
During April 1992. data from 49 line transects (100 x 4 m), distri-
buted throughout the target population, were gathered. Within each 
transect, al\ P angofensis stems were measured with reference to the 
following: (1) circumference of tree above the basal swelling. This 
was deemed as the most appropriate repeatable measurement since 
diameter at breast height (dbh) ignores size classes below about 5 cm 
dbh. (2) The height of the individual. The height of trees taller than 
4 m was estimated trigonometrically by measuring the angle to the 
top of the tree from a known distance with an abney level. (3) For all 
size classes, whether the tree was coppicing after damage or not, and 
ror seedlings and suffrutices. {he circumference of the top of the root 
stock. Here a seedling is defined as an individual that has germinated 
during the current growing season. A suffrutex may appear like a 
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seedling above ground , howeve r, it is generall y multi-stemmed. the 
rool stock is well developed and the ind ividual is greater than the 
current growing season in age. Saplings a f C defined as individuals 
with a single permanent stem> 3 em and < 15 em in diameter. (4) 
The presence of samaras (the fruit) sti ll auached to the Iree, as an 
indication of whether the tree was reproductive or not. (5) For all cu t 
Slumps ~ncountcred. the dia meter of the stump, sapwood and heart· 
\VOOU (light and dark wood, respectively) was measured. (6) All P. 
(illgo/ellsis tfees that are cut legally are identified by a stamp on the 
cut surface, placed there by the Gazankulu Department of Nature 
Conservation. Thus the fate of the tree in terms of whether it was 
poached. cut legaUy or died of natural causes was recorded for each 
stump. Where no clear distinction between heart or sap wood could 
be made. the stumps were assumed to be older than 3 years. 
The data from all 49 transects were pooled. Population structure 
was !!xmnined by constructing a hi stogram of equal-d iameter size 
classes (3 em). with the exception of the smallest size class where 
height « I m) was chosen. Diameter was chosen over height as the 
means of analysing population structu re for three reasons: (I) it is 
known that for P angoiellsis, tree height is fai rly deterministic. Older 
trees develop canopy vo lume and increase diameter, as opposed to 
height (Vermeulen 1990). (2) Diameter is the most important meas-
ure in determin ing which tree is liable to be harves ted. (3) Individu-
als less than I m in height were regarded as not having developed a 
permanent stem. hence they were regarded as 'seedl ings' (this 
includes both true seedlings and suffrutescent individuals) and 
placed in the smallest size class. The frequency of individuals in 
each size class of the dist ribution was log transformed. 
In addition to the population structure data collected during thi s 
study. growth rate data for the period 1992-93 were collected from 
several popU lations in the Transvaal Lowveld (Shackleton, unpub-
lished). These growth data were incorporated into the determination 
of transit ion matrix va lues. 
The matrix model 
A stage-based matrix model was developed to gain some quanti -
tative ins ight into the dynamics of the population, A simple 
matrix, based on the life-history of P. (mgoiensis being divided 
into four stages was used: (1) seedlings or suffrutices. The inclu-
sion of a seed bank has been ruled out of the model as P. ango-
iells js is characterized by having a seedling bank in the form of 
seasonally resprouting suffruti ces (see Boaler 1966). These indi -
viduals can attain a maximum age of 24 years (Vermeulen 1990). 
(2) Saplings (> I m height and'; 15 cm diameter). (3) Mature. 
reproductive trees but non harvestable (> IS em and < 27 cm 
diameter): and (4) mature, reproductive and harvestable trees 
(> 27 em). The life-stage graph (Figure I) represents all the pos-
sible transitions an individual can make in any of the stage 
classes in one time period. 
The limit between the three permanent-stemmed size classes 
was accomplished with the aid of the height-to-diameter ratio 
data and linear regress ion analysis (Figure 4). The point on the 
regression curve, at which a regression analysis of the data points 
to the right of that point reveals that a non-linear curve fits the 
data better than a straight line, is taken as the cut-off limit be-
tween saplings, diameters to the left of the point, and older trees, 
diameters to the right of the point. Therefore, the assumption is 
that older trees show little change in the ratio of height to diame-
ler as they get older, whereas in saplings, this ratio decreases sub-
stanti ally with age. The limit between class 3 and 4 individuals 
was set by the minimum observed harvested diame te r. 
The derived transition matrix for the population was analysed 
following the method outlined in the introduction. The time 
period for the model is I year. Consequently, the calculated tran-
sition probabilities are expressed as the probability of a transition 
occurring during that time period. The calculated probabilities 
for the transi tion matrix are presented Table Ia with the corre-
Table 1 (a) The derived transition matrix for P. 
angolensis. (b) The matrix cell reference labels for 
the transition matrix corresponding to the transi-
tions on the life-history graph for P. angolensis in 
Figure 1. (c) The observed stage distribution of the 
sampled population of P. angolensis. (d) The stable-
stage distribution (SSO) corresponding to the tran-
sition matrix. (e) The elasticity matrix corresponding 
to the transition matrix 
(a) 
(b ) 
(e) 
(e) 
0.78 
0.007 
o 
o 
RI 
GI 
o 
o 
405 
21 
12 
39 
0.0033 
0.0007 
o 
o 
0.005 
0.969 
0.02 1 
o 
F2 
R2 
G2 
o 
0.0001 
0.4273 
0.0076 
o 
0.005 
o 
0.948 
0.042 
F3 
o 
R3 
G3 
(d ) 
0.0001 
o 
0.3296 
0.0080 
0.028 
o 
o 
0.944 
F4 
o 
o 
R4 
0.068 
0.294 
0.282 
0.356 
0 .0006 
o 
o 
0.2279 
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sponding symbols. as used in Figure I, in Table lb. The popula-
tion vector, based on the observed size-class distribution, is 
presented in Table lc. 
For annual reali zed fecundity, it was assumed that the only sig-
nificant recruitment events are few and far between and at this 
stage unpredictable . Therefore, transition values for F3 and F4 
(fecundity or annual reali zed reproduction from seed) in Figure 1 
are assumed to be very small, From field observations, however, 
the re is evidence that old individuals retrogress to class I by cop-
picing after being harvested or after other forms of stem damage, 
hence the inclusion of F probabilities on the first row of the 
matrix . 
The transition value G I was estimated by taking the propor-
tion of class 1 individuals greater than 0 .75 m in height. These 
were assumed to have a good chance of exceeding the I-m height 
boundary for class I by the next time period. The calculated 
value, 0.7%, is comparable with values quoted in the literature 
for long-lived trees. Annual recruitment into the 3.S-cm dbh size 
class for forest canopy species Diospyros abyssinica, D. mespili-
formis and Millettia thonnongii in a dry tropical forest in Ghana 
was 0.42%. 0.4% and 0.55 %, respectively (Swaine ef af. 1990). 
Childes & Walker ( 1987) derive a value of I % for Baikiaea pfur-
ijuga in Hwange National Park, Zimbabwe. 
Probabilities G2 and G3, the probability of growing into the 
next size class, were estimated by taking the reciprocal of the 
duration of the class. This was determined by using the growth 
rate data from Shackleton (unpublished). Rl was calculated as 
1 minus the stage-specific mortality and growth probability. Gl. 
For stage I, a linear mortality curve and a maximum age for suf-
frutescent individuals of 25 years was assumed. R2 and R3 were 
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calculated as 1 minus the re levant G probability and the stuge-
spl:c ific mortality. As no evidence of mortality in classes 2 and 3 
was encountered in the study site, it was assumed to be very 
small and was set to that observed by Shackleton (unpublished). 
i.c. 1 % or 0.01 . R4 was taken as 1 minus the observed harvesting 
intensity (5 .6% or 0.056). F in all cases represents individuals 
loosing their stem and subsequent ly coppicing. Since only 50% 
of harvested trees were observed to be coppicing, F was set to 
50% of the harvesting rate. or 0.005 for F2 and 8 . and 0.028 for 
F4. Seedling recruitment was not included in the values for F. 
The derived transition matrix was used to explore some har-
vesting scenarios. The harvested population (stage 4 individuals) 
was tracked through time and subjected to two different harvest-
ing strategies: (1) a constant percentage or proportion of avail-
ab le trees, and (2) a fixed quota irrespective of available trees . 
The transition matrix assumes that there are (a) no significant 
seedling recruitment events during the period of scenario explo-
ration, and (b) present fo rces acting on the population remain rel-
atively unchanged, thus allowing the use of a static transition 
matrix . 
Results 
In total , 476 trees of all sizes were counted, of which 405 were 
less than I m (all. In addi tion to this number, a tOlal of 12 stumps 
were encountered. Of these, four stumps were either partly 
decomposed or no clear distinction could be made between heart 
and sap wood. Of the remaining eight, only one was harvested 
legally. The smallest trce harvested measured 27 em in diameter, 
therefore. for the number of harvestable trees (trees ~ 27 cm, 39 
individuals) the e ight legible stumps represent a harvesting inten-
sity of 5 .6% per annum (eight trees over 3 years). Of these eight 
tree stumps, four were coppicing vigorously from the o ld stem. 
The size structu re of the population is characterized by having a 
bimodal distribution of diameters (Figure 2). 
The growth rate data from Shackleton (unpublished) is pre-
sented in Figure 3. P. mlgoiensis increases its growth rate (diam-
eter increment. mm per year) with age [log)' = 0.4039 (log x) + 
0.1311; r' = 0.2524). Individuals less than 15 em in diameter 
grow at an average ratc of hal f that of older individuals (2.55 + 
2.25 mm yr" compared to 4.43 +1.79 mm yr " and 5.0 + 3.32 
mm yr ·1 for 15- to 27-cm and 27-cm-diamcter and older trees 
respectively). Height-lo-diameter ratios plotted against diameter 
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Figure 2 A histogram of the stem diameter above basal swelling 
distribution. Class 1 represents individuals Jess than I m high and 
classes 2 to 21 represent diamete r increments of 3 em. 
S. Afr. J. Bot. 1996. 62(3) 
12 
Co 
10 
'§: 
E 
.s 8 _. 
Jl> 
m 
II: 
"' 6 ,. 
e 
'-<0 .. 
2 - -
• 
4 
.-
E 
~ 
0 
2 --
.C i ....: =::: 
00 = 10 15 20 27 30 40 50 60 
Diameter 
Figure 3 Annual diameter growth rate (mm yr- I ) versus diameter 
above basal swelling (em). The vertical lines at 15 and 27 em repre-
sent the boundaries between the matrix stage classes 2, 3 and 4. 
above basal swell ing (Figure 4) indicates that saplings, on a re la-
tive scale, devote more to gain in height than diameter increment. 
Older trees reach a maximum tree height, but continue to grow in 
stem diameter. 
The finite rate of increase of the population (A) is 0,9726. indi-
cati ng that the population is decreasing in size. Examination of 
the elasticity matrix (fable Ie) reveals that R values on the diago-
nal of the transition matrix have the strongest influence on A. 
These are the overriding variables in determining the future state 
of the population. Should every variable in the projection matrix 
increase or decrease by the same given percentage, then 96% of 
the resultant change in A could be ascribed to the influence of R2, 
R3 and R4. 
In tenns of the fu ture of the population, if the present harvest-
ing rate of 5.6% per annum (1.1 stems ha-' yr" or a total of 373 
stems for the entire study area) is maintained, after 20 years the 
number of trees removed will be 0.56 stems ha" yr" (187 total). 
and after 40 years. 0.29 stems ha" yr" (98 total). This decline 
indicates that the current harvesting intensity is potentially 
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Figure 4 The height to diameter ratio (cm) versus diameter (cm) 
above basal swelling. [Iog(y) = -D.59484 x log(x) + 2.289226; r' = 
0.70613J. 
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unsustainable. If. on the other hand, a stat ic number of stems was 
removed annually, irrespective of the total number available, then 
at a rate of I.J stems ha·1 yr· l , the number of harvestable stems 
will be exhausted in 30 years. At a 25% reduction in the harvest~ 
ing rate, to 0.825 stems ha" yr" (276 total), the population will 
be exhausted in 35 years. and at a 50% reduction (0.55 stems ha·1 
yr", 184 total), the harvested population will be exhausted 60 
years from present. The only way in which this population can 
survive over the long term in the absence of significant seedling 
recruitment is if R4 is set to 1.0. 
Discussion 
This population is characterized by having a bimodal distribution 
of diameters (Figure 2). If recruitment occurred on an annual or 
regular basis then we should observe a negative exponential size· 
class distribution for P. angolensis (Harcombe 1987; Meyer 
1952). Such a bimodal distribulion curve can be the result of a 
parabolic growth curve, where intennediate individuals grow at a 
faster rate relative to individuals at the two extremes of the distri· 
bution range (Caswell 1982: Glitzenstein et al. 1986). Although 
this hypothesis has been evoked lO explain bimodal size distribu· 
tions of savanna trees (Walker et al. 1986), this is unlikl!ly lO be 
the case here. 
Growth rate, when expressed as diameter increment per year. 
increases in a log·nonnal manner (Figure .3) with increasing 
diameter. The bimodality of the size·c1ass distribution is prob· 
ably a result of pulsed recruitment events, with the peaks indica-
tive of recruitment cohorts of saplings. This phenomenon of per-
sistent adult populations with sporadic recruitment evems has 
been documented for a number of di fferent organisms (Botsford 
et al. 1994; Midgley er at. 1995). Van Daalen & von Maltitz 
(1991) present size-class distributions for six other P. (lligolellsis 
populations in Mpumalanga and Northern Province. One of the 
populations shows a similar bimodal distribution similar to Fig-
ure 2 and the other five distributions are skewed, one to the left 
(recruitment only) and the others to the right (adults only with no 
recruitment). 
The growth pattern of saplings has been documented, but not 
quantified, for P angalensis (Vermeulen 1990). It is to be 
expected when one considers that the vegetation of the study area 
is a closed savanna woodland. Saplings growing under a closed 
canopy and which, we assume, arc competing for light, would 
devote their resources to gain in height rather than girth. Since 
saplings increase diameter at a slower rate relative to older trees, 
this would again lead one to expect a negative exponential di stri · 
bution in Figure 2, as a result of smaller individuals moving more 
slowly through the lower·diameter size classes and more rapidly 
through the larger classes. 
Setting R4 to 1.0 is biologically meaningless but illustrates an 
important point. The elasticities show that the short-term survival 
of the population is dependent on adult survival. Although adults 
have the ability to resprout, this is not strong enough to ensure 
long-term survival (Le. greater than the life·span of a single 
stem) of the population. There has to be large-scale recruitment 
of seedlings at some point. 
One, therefore, needs to consider two types of recruitment. 
Firstly, significant seed-germination events and establishment of 
suffrutescent individuals need to occur. Alternatively, seedlings 
could recruit in low, almost insignificant numbers on a continu-
ous basis. Which type dominates is unclear and requires further 
investigation. Secondly, recruitment of suffrutescent individuals 
into the permanent-stemmed classes needs to be considered. This 
type of recruitment can be observed in the size structure of the 
population. Recruitmenl into the sapling class from the seedling 
bank could also occur at low levels on an annual basis. This was 
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assumed in the matrix model. The bimodality of the population 's 
size structure would suggest that large recrui tmenl events are 
also operating. Long-term population trends of P. angolellsis will 
be dominated by stochastic recruitment events. 
This realization presents some problems for the modeller. 
Pulsed recruitment events cannot be incorporated into a static 
mat rix model unless the period of the mode l is increased to coin· 
cide with the period of the events. The transition matrix for 
recruitment years will differ significantly from the mean matrix 
for the in-between years. This must be taken into account in the 
development of a matrix model and the interpretation of its 
results. The derived transition matrix in this case represent the 
mean transition matrix. 
The size structure of the population is dynamic. One cannot, 
therefore. expect to observe a convergence in the population size 
structure to the stable· stage distribution predicted by the transi· 
tion matrix (Table ld). 
An important feature in the life-history of P. (lngo/ensis is the 
existence of a suffrutescent seedling bank. This buffers the adult 
population against the stocasticity that governs seedling recruit· 
ment, by ensuring a constant supply of individuals that can take 
advantage of favourable conditions to progress into the sapling 
class. This phenomenon has been dubbed the 'oskar' syndrome 
hy Silvenown (1982), or advanced regeneration by Harcomhe 
(1987). 
From the elasticity analysis, the most sensitive life-history 
stage in terms of the population 's survival is the presence of per· 
manent sterns in the landscape. Should other factors remain con-
stant, the predicted decline in the adult population will not 
necessarily mean the demise of the species at this site. Suffrutes-
cent individuals would accumulate in the landscape through 
time. Even if there were only a few reproductive adults present, 
their combined annual reproduction of seedlings, although when 
expressed annually is negligibly sma1i, would become significant 
when expressed as a function of the period of the sapling recruit-
ment window. This is only possible because of the persistent 
nature of seedlings. Therefore. the population can persist even if 
the carving industry does not. 
The concentration of high elasticity values along the diagonal 
are indicative of an S-type life·history strategy, sensu Grime (SiI-
vertown et al. 1992), that tends to persist in a high-stress land-
scape as long-lived plants and not through turnover of indivi-
duals. This strategy, where survival overshadows the importance 
of growth and fecundity, appears to be the norm for long-lived 
trees (Enright & Watson 1991). The extremely low value for '}.. 
(0.9726) has only been reported for Iree species growing in high-
disturbance habitats such as mangroves (Harcombe 1987). It has 
been suggested Ihat high (or low) or variable'}.. may be character-
istic of weeds or pioneer species, where recruitment and growth 
is opportunistic (Werner & Caswell 1977). The more stahle '}.. 
(i.e. the less it deviates from unity) the less variable the habitat, 
especially in frequency or intensity of disturbance. 
The life-history of this tree is an example of adaptation to an 
unpredictable environment. P. angoiensis weathers stress through 
the presence of permanent stems and suffrutescent individuals in 
the landscape (stress tolerator), however, recruitment of perma· 
nent stems and seedlings is more characteristic of a ruderal type 
species. This ruderal habit has been alluded to in the literature. 
Boaler (1966) and von Breitenbach (1973) report that the occur-
rence of P angoiensis is related to the presence of old fields. 
There is, however, no quantitative evidence to support this. From 
this, one can expect large fluctuations in A, related to recruitment 
years (').. > 1.05) and average years (').. < 0.95). The life-span of 
adult trees exceeds the cycle of local large-scale disturbance or 
favourable recruitment events, therefore permitting this strategy. 
A key question that requires further investigation is what 
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events. or combination of events, determine a recruitment win-
dow'? Human and animal impacts might play an important role in 
Ihis regard. Analysis of [he recent history (within the life-span of 
the oldest trct;!s in a popUlation) and populations where recruit-
ment is occurring could reveal important correlations between 
size structures. favourable rccruitmcnl phenomena (e.g. ra infall ) 
and land-lise hi story. At the same time, the human impacts on the 
larger size classes appear to be unsustainable. Given the increas-
ing population in the area, and an increasing number of people 
sl.!ckmg a livelihood frorn natural resources such as P {/llgolellsis 
(Shackleton 1993), it i5 probable that harves ting rates will 
increase. rather than decrease, in the short term. 
Managers fll.!ed to recognize that what they arc dealing with is 
inherently unstable. Fluctuations in population size are part of 
the life-history s trategy of the tree . As a management option, the 
minimum diameter of trees cut could be increased, to ensure that 
the re will always he a supply of seed. It was noted that there was 
~I small number of cut adult trees that coppiced vigorous ly. 
Another management option, other than limiting the number of 
stems cu t o r increasing the minimum size of trees cut. could 
include the protection of coppicing cut stems against grazing and 
the thinning out of these stems. From field observations. the most 
common cause of deat h in these resprouts was the overgrazi ng of 
the dense coppice growth by goats and cattle. This requires fur-
ther investigation to determine the extent of adult coppicing and 
its feasibi lity as a management option. This resprou ting was rep-
resented by F probabilities in the transition matrix. The e lasticity 
analysis reveals that these values only have a small impact on A. 
T herefore, the protection of coppicing individua ls is not a viable 
manage ment strategy. 
This research has raised some key questions. What is (he 
nature and timing of seedlinglsuffrutex and sapling recruitment? 
What constitutes a recruitment window? What environmental 
correlates are there'! Is the rapid g rowth in sapling height an 
attempt to escape fire'? To what extent does fire influence recruit-
ment into the population and how does fire influence coppice 
growth? 
Our article has provided important insights into the biology of 
this natural resource and how to approach the management of 
this tree, knowing what life-history events determine the popula-
tion trajectory. Researchers wishing to manage P. angolensis as a 
sus tainable resource need to work towards developing a more 
appropriate model for it that takes cognisance of exogenic factors 
that influence the dynamics of the tree. 
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